The presence of antibiotic-insensitive persister cells is a major cause of treatment failure of Pseudomonas aeruginosa. In this study, the authors identify a novel gene encoding a putative deacetylase linked to persister formation. Their findings could have great impact on future therapies against chronic P. aeruginosa infections. 
Introduction
Pseudomonas aeruginosa is an opportunistic pathogen that primarily infects cystic fibrosis (CF) patients and immunocompromised individuals such as HIV and burn wound patients. Up to 80% of CF patients get infected by this pathogen, making it one of the dominant bacteria in the CF lung. Once colonized the CF lung, P. aeruginosa mostly establishes a chronic infection that significantly contributes to the mortality of these patients (Folkesson et al., 2012) . In addition, Pseudomonas is responsible for 8.9% of all nosocomial infections in Europe, making this pathogen one of the leading causes of healthcare-associated infections (ECDC, 2013) . P. aeruginosa possesses several characteristics that contribute to the reduced efficacy of treatment procedures such as a high intrinsic resistance to antiseptics and antibiotics, a remarkable ability to acquire multidrug resistance and the formation of biofilms (Breidenstein et al., 2011) . A major cause of antibiotic treatment failure is the presence of persister cells, phenotypic variants of the wild type that are transiently capable of surviving prolonged periods of antibiotic treatment. Upon a drop in antibiotic concentration, persisters can revert to normal cells and regrow into a susceptible population (Fauvart et al., 2011) . The first report on this phenomenon dates from 70 years ago and, for a long time, was largely ignored (Bigger, 1944) . However, the observation that persister cells are present in biofilms, where they are protected against the immune system by an extracellular matrix (Brooun et al., 2000; Lewis, 2005) , rekindled the interest in persistence. More recently, a causal link between persister cells and recalcitrance of chronic infections was provided (Lafleur et al., 2010; Mulcahy et al., 2010) underlining the importance of this cell subpopulation in treatment failure.
Persister cells not only contribute to the high tolerance of biofilm populations, but are also present in planktonic cultures. In certain bacteria, such as P. aeruginosa, the persister fraction is even higher in stationary-phase cultures than in biofilms (Spoering & Lewis, 2001 ). Fast-growing exponential phase cultures, however, contain a much lower number or even no persister cells. This growth phase dependence of the persister fraction has been observed for many bacterial species after treatment with different classes of antibiotics (Spoering & Lewis, 2001; Keren et al., 2004a) . However, it is not clear which environmental signals trigger the increased formation of persister cells in stationary phase compared with exponential phase.
Traditionally, persisters are considered to be nondividing, metabolically quiescent cells in which inactivity of the antibacterial targets impairs the bactericidal effect (Bigger, 1944; Balaban et al., 2004; Keren et al., 2004b; Shah et al., 2006; Lewis, 2007) . Recently, evidence was provided that the persistent state is far more complex than just a passive dormant state. Escherichia coli persister cells display some degree of translation (Gefen et al., 2008) , and it was shown that a dormant state is not sufficient or required for a cell to become persistent (Orman & Brynildsen, 2013) . In addition, no correlation between the growth rate of an individual cell and persistence was observed in Mycobacterium (Wakamoto et al., 2013) .
Persister cells can be formed through random switching and are therefore already present in the population before antibiotic treatment (Balaban et al., 2004) . Consequently, they serve as insurance for the entire population in case of sudden antibiotic increases (Kussell et al., 2005) . Additionally, the formation of persisters can be triggered by environmental cues such as signalling molecules (Moker et al., 2010; Vega et al., 2012) and stress (Dorr et al., 2009) . In E. coli, a model system for persistence, a major mechanism of persister formation, involves toxin-antitoxin (TA) modules (Maisonneuve et al., 2011) . Recently, a regulatory model behind persistence was proposed that connects the type II TA modules with the stringent response. In this model, high levels of the alarmone (p) ppGpp cause degradation of antitoxins through the action of the Lon-PolyP complex. The activated toxins cause inhibition of cell growth, rendering the cells insensitive towards the bactericidal action of antibacterial agents (Maisonneuve et al., 2013) . According to the TA database (Shao et al., 2011) , the P. aeruginosa genome contains 7-12 type II TA loci depending on the strain. As to date, none of them has been linked to persistence. So far, the molecular mechanism underlying persister formation in P. aeruginosa is largely unknown, and only few genetic determinants have been described to influence persister formation in this pathogen (Fauvart et al., 2011) . These include the quorum-sensing determinants lasI and lasR (Kayama et al., 2009) , the alternative sigma factor RpoN (Viducic et al., 2007) and the stationary-phase regulators RpoS, DskA, RelA and SpoT (Murakami et al., 2005; Viducic et al., 2006) . More recently, it was shown that persistence in P. aeruginosa is mediated by the stringent response. Activation upon starvation leads to suppression of oxidative stress by inducing antioxidant defences and restricting the production of pro-oxidants (Nguyen et al., 2011) . This result further supports the theory that, as in E. coli, target inactivity per se is not sufficient to explain the persistent phenotype. To improve treatment of chronic P. aeruginosa infections, a better understanding of the persistent state and formation of these antibiotic-tolerant cells is necessary.
Previously, we performed a high-throughput screening of a P. aeruginosa PA14 mutant library to identify new persistence genes (De Groote et al., 2009) . In this work, we demonstrate that dnpA (de-N-acetylase involved in persistence; gene locus PA14_66140/PA5002) is a genuine persistence gene in P. aeruginosa and discuss how DnpA may contribute to fluoroquinolone tolerance.
Material and methods

Bacteria and culture conditions
Pseudomonas aeruginosa strains were cultured in Trypticase Soy Broth (TSB) or in Mueller Hinton Broth (MHB) at 37°C. For solidified medium, 1.5% agar was added. Following antibiotics were used: ofloxacin, ciprofloxacin, piperacillin, cefotaxime, ceftazdime, tobramycin, amikacin, polymyxin B, gentamicin (45 lg mL À1 ), tetracycline (10 or 100 lg mL À1 ) and ampicillin (100 lg mL
À1
). Strains used in this study are summarized in Table 1 .
Persistence assay
The persistence assay was performed as described previously with minor modifications (De Groote et al., 2009) . Briefly, stationary-phase cultures grown in MHB were treated with ofloxacin at a final concentration of 5 lg mL
À1
for 5 h at 37°C while shaking at 200 r.p.m. A control treatment with sterile water was performed in parallel. The number of colony-forming units (CFU) was determined by plate counts. The persister fraction is defined as the number of surviving cells after treatment with ofloxacin divided by the number of cells after control treatment. These conditions were previously optimized as higher ofloxacin concentrations or increased incubation times do not lead to a further reduction in the number of surviving cells. Each experiment was independently repeated at least three times.
MIC determination
The minimal inhibitory concentration (MIC) was determined with a broth microdilution procedure using MHB growth medium. A start inoculum of 5 9 10 5 cells per mL was prepared and incubated in the presence of a twofold dilution series of each antibiotic. After 24 h of growth at 37°C, the OD 595 nm was measured and the lowest antibiotic concentration that completely inhibited bacterial growth was considered the MIC. Following concentration ranges were tested: ofloxacin (10-0.02 lg mL À1 ), ciprofloxacin (2.5-0.005 lg mL
À1
), piperacillin (60-0.10 lg mL À1 ), cefotaxime (250-0.49 lg mL À1 ), ceftazdime (100-0.2 lg mL À1 ) tobramycin (8-0.016 lg mL À1 ), amikacin (80-0.16 lg mL À1 ) and polymyxin B (10-0.02 lg mL À1 ). Each antibiotic was tested independently three times.
Biofilm assay
The assay was performed essentially as described previously (Merritt et al., 2005; Maisonneuve et al., 2013) with the following adjustments: P. aeruginosa stationary-phase cultures were washed in phosphate-buffered saline (PBS; composition for 1 L: 8 g NaCl, 0.2 g KCl, 1.44 g Na 2 HPO 4 , 0.24 g KH 2 PO 4 , pH 7.4), diluted to an OD 595 nm of 0.05 and spotted on sterile membranes (Durapore â Membrane Filter 0.22 lm GV, Millipore) placed on solid TSB. The plates were incubated at 37°C for 24 h. To assess the persister fraction, membranes were placed in parallel on solid medium with or without 20 lg mL À1 ofloxacin for 24 h. Subsequently, the number of surviving cells was determined by resuspending the biofilm mass in sterile PBS by vigorous vortexing and plating serial dilutions on solid TSB medium. The number of persister cells was determined as described above.
Plasmid construction
For complementation experiments, dnpA was amplified using primer couple SPI6628-6634; SPI6634 encodes a His-tag. The resulting PCR fragment was EcoRI -BglII cloned into pME6032 (Heeb et al., 2000) and confirmed by sequencing. The plasmid was introduced into a P. aeruginosa dnpA insertion mutant by electroporation (Farinha & Kropinski, 1990) . To obtain pUC18-dnpA, pME6032-dnpA His was digested with EcoRI -PstI and dnpA was subcloned into pUC18. For sequences of the primers, see Table 2 .
LPS analysis
LPS isolation was performed essentially as described previously (Hitchcock & Brown, 1983) . Briefly, stationary-phase cells were washed in PBS after which they were resuspended in 250 lL Hitchcock and Brown lysis buffer. Samples were heated for 30 min at 100°C, cooled to room temperature and incubated overnight at 55°C with 1.5 lL proteinase K solution (20 lg mL À1 ). For SDS-PAGE analysis, samples were heated at 100°C for 5 min prior to loading on gel (NuPAGE â Novex, 12% BisTris, Invitrogen). LPS profiles were visualized by the ultra-fast silver staining method described by Fomsgaard et al. (1990) . 
Isolation of membrane fractions
Outer-and inner-membrane fractions were isolated by a modification of the Hancock and Nikaido method (Hancock & Nikaido, 1978 ). An overnight culture was diluted 100-fold into fresh medium. At an OD 595 nm of 0.5, the cells were induced with 1 mM IPTG for 1 h after which the cells were harvested by centrifugation. The resulting cell pellet was washed in a 30 mM Tris-HCl 150 mM NaCl buffer (pH = 7) and resuspended in a 30 mM Tris-HCl buffer (pH = 8) containing 20% sucrose, 1 mM PMSF, 0.5 mg mL À1 lysozyme, 0.05 mg mL À1 DNase and 0.05 mg mL À1 RNase. After a 30 min incubation at 37°C, the cells were further disrupted by sonication. The cell debris was removed by low-speed centrifugation, and the supernatant was layered onto a sucrose step gradient containing 1 mL of 70% (wt/vol) sucrose and 6 mL of 30% (wt/vol) sucrose in 30 mM Tris-HCl buffer (pH = 8). These samples were centrifuged at 183 000 g in a Beckman SW41Ti rotor for 1 h. After centrifugation, the interface between the 30% en 70% layers was collected and used for another round of ultracentrifugation with a sucrose density gradient containing steps of 1 mL of 70% (wt/vol) sucrose, 3 mL of 60% (wt/vol) sucrose, 3 mL of 52% (wt/ vol) sucrose and 3 mL of 30% (wt/vol) sucrose in Tris buffer. After overnight centrifugation (14 h at 183 000 g), the inner-and outer-membrane fractions were removed by suction from above. These fractions were washed in 20% (wt/vol) sucrose (1 h at 183 000 g), and the resulting cell pellet was resuspended in a small volume of double distilled water. The outer-membrane fraction was subjected to a treatment with 2% N-lauryl-sarcosine (Sarcosyl) to ensure the purity of this fraction.
Site-directed mutagenesis
Site-specific mutations were introduced using the QuikChange Site-Directed Mutagenesis Kit (Stratagene) with pUC18-dnpA as template DNA. Briefly, a PCR was carried out using SPI5463-5464 and SPI8820-8821 for introduction of the D340N and D190N mutations, respectively, using a nonstrand-displacing DNA polymerase. The resulting PCR product was treated with DpnI to destroy the methylated parental nonmutated DNA after which it was transformed into chemocompetent E. coli TOP10 cells. Subsequently, dnpA was EcoRI-PstI subcloned into pME6032-dnpAHis, and the resulting plasmid was introduced into P. aeruginosa wild type by electroporation (Farinha & Kropinski, 1990) . The presence of the correct mutation was verified by sequencing. Expression of mutant proteins was checked by western blotting. Sequences of the primers are listed in Table 2 .
Western blotting
Overnight cultures were diluted 100-fold in TSB containing appropriate antibiotics and incubated at 37°C while shaking at 200 r.p.m. After 3 h of growth, cultures were induced with 1 mM IPTG for 4 h after which the cells were collected by centrifugation and stored at À80°C. The resulting cell pellet was resuspended in lysis buffer (8 M Urea, 100 mM NaH 2 PO 4 , 10 mM TrisCl, pH 8) containing 1 mg mL À1 lysozyme and incubated at 37°C for 30 min. Subsequently, the cells were further disrupted by sonication after which the total protein fraction was separated from the cell debris by centrifugation. Next, proteins were separated by SDS-PAGE on a NuPAGE â Novex 12% BisTris protein gel (Invitrogen). Following Western blotting, hybridization was performed using a monoclonalanti-His 6 antibodysolution(Roche)andanti-mouse IgG alkaline phosphatase conjugated antibody (Sigma-Aldrich) as primary and secondary antibody, respectively.
Sample preparation and microarray hybridization
Overnight cultures were diluted 100-fold into fresh medium and grown until late exponential phase (OD 595 nm = 1). The RNA content of 20 mL bacterial culture was stabilized by adding 1 : 5 volume of ice-cold phenol : ethanol (5 : 95) after which cells were harvested by centrifugation. The cell pellet was frozen in liquid nitrogen and stored at À80°C. Total RNA was isolated as described by Vercruysse et al. (2010) and Meysman et al. (2014) using the Pure Link RNA mini Kit (Ambion). RNA integrity was evaluated using Experion RNA StdSens Chips (Bio-Rad). RNA quantity and purity was assessed by measuring the A260/A280 and A260/A230 ratio of each sample. The ratio of all samples was ≥ 1.8. For each strain, RNA isolation was performed in triplicate. cDNA generation, fragmentation, biotinylation and hybridization on GeneChip P. aeruginosa Genome Arrays (Affymetrix) was performed according to the Affymetrix protocol by The Centre for Applied Genomics, The Hospital for Sick Children, Toronto, Canada.
Microarray data analysis
Microarray data were normalized using RMA implemented in the Bioconductor 'affy' package. Pearson correlation across samples and spectral map analysis (Wouters et al., 2003) were used to check consistency between samples and to identify an outlier that was removed from subsequent analysis. Differential expression was calculated using an empirical Bayesian method implemented in the LIMMA R package (Smyth, 2004) . P-values were adjusted for multiple testing using the Benjamini and Hochberg method (Benjamini & Hochberg, 1995) . A final list of differentially expressed genes was obtained at a false discovery rate (FDR) of 15%. Lower FDR thresholds drastically reduced the gene selection and resulted in very limited functional annotation. P. aeruginosa gene annotation was obtained from www.pseudomonas.com (Winsor et al., 2011) and KEGG (Kanehisa & Goto, 2000) . PseudoCAP functional classes were used to calculate functional enrichment on the lists of differentially expressed genes. Enriched terms were obtained with Fisher's exact test at a FDR of 5%.
Network analysis
Pseudomonas aeruginosa functional interactions were obtained from STRING database (Jensen et al., 2009) . Only gene-gene interactions with a minimum reliability score of 0.8 were retained. A deregulated network was extracted by selecting interactions in which both genes are differentially expressed in the dnpA mutant and/or under dnpA overexpression. Network visualization was performed with Cytoscape (Smoot et al., 2011) . The deregulated network was used to identify groups of genes that are consistently up-/down (or down/up)-regulated in the dnpA mutant and in the strain overexpressing dnpA, respectively. Two community detection methods were used to subdivide the largest network component into smaller subnetworks: walktrap (Pons & Matthieu, 2005) and edge betweenness (Newman & Girvan, 2004) algorithms. The 58 smallest network components were used as independent subnetworks without any modification. We used Fisher's exact test to select subnetworks with significant and consistent differential expression (P < 0.05). Only the genes present in the deregulated network were considered for Fisher's exact test. Each significant and consistent subnetwork was annotated with the PseudoCAP functional classes (see above).
Statistical analysis
For each comparative analysis, significant difference in variance of the log persister fractions was checked using a Fisher's F-test. In case of statistically different variances, a Welch test for the means was applied, otherwise a student's t-test was performed. Normality of the log persister fractions was verified.
Results
DnpA is involved in fluoroquinolone tolerance
Previously, a P. aeruginosa PA14 random insertion mutant library was screened to identify new persistence genes. Nine mutants with an altered persister fraction after treatment with the fluoroquinolone antibiotic ofloxacin were selected (De Groote et al., 2009) . One of these mutants, CMPG13401, displays a 10-fold decreased persister fraction compared with the wild type and was selected for further characterization. The mutant contains an insertion in gene locus PA14_66140 (PA5002 in P. aeruginosa PAO1, Fig. 1 ), which we propose to rename dnpA (de-N-acetylase involved in persistence). The mutant displays the same MIC value for ofloxacin as the isogenic wild-type strain (De Groote et al., 2009) , excluding the involvement of fluoroquinolone resistance mechanisms. Growth characteristics of the mutant were indistinguishable from wild-type growth (data not shown). We next analysed a mutant in the same gene obtained from an independent mutant library (Liberati et al., 2006) . Similarly, the strain shows a sixfold (P < 0.01) decrease in persister cells (Fig. 2a) , while no differences could be detected in MIC (Table 3 ) and growth characteristics (data not shown). All subsequent experiments were carried out with this strain. Controlled overexpression of dnpA in the dnpA mutant resulted in a 2.6-fold increase in the persister fraction compared with the empty vector control (Fig. 2b) . It should be noted that the persister fraction of wild-type and dnpA mutant strain containing the empty vector is similar. The increased persistence could be explained by induction of stress responses upon plasmid introduction. Finally, overexpression of the dnpA allele in the wild-type background increased the persister fraction fourfold (P < 0.05; Fig. 2c ). Taken together, these results strongly support a role for dnpA in fluoroquinolone tolerance in P. aeruginosa.
Polar effects on expression of genes located downstream of the transposon insertion site in dnpA could contribute to a change in fluoroquinolone tolerance of the dnpA mutant. However, recent RNA-seq data suggest that dnpA (PA14_66140) is the distal gene of a transcriptional unit starting from PA14_66170 (Wurtzel et al., 2012) or PA14_66150 (Filiatrault et al., 2010; Dotsch et al., 2012) , rendering this possibility unlikely. To formally exclude polar effects, a mutant with an insertion in the downstream gene PA14_66120 (Liberati et al., 2006) was analysed. The mutant displays wild-type levels of fluoroquinolone tolerance (with an absolute persister fraction of 1.04 9 10 À4 AE 3.81 9 10 À6 and 2.86 9 10 À4 AE 1.99 9 10 À5 ; P-value = 0.12 for wild type and PA14_66120 mutant, respectively), suggesting that PA14_66120 is not required for persistence. More importantly, this result shows that the decrease in persistence observed for the dnpA insertion mutant is solely caused by inactivation of dnpA.
DnpA is involved in biofilm persistence
Persisters are believed to contribute significantly to the recalcitrance of biofilm-associated infections (Lewis, 2005; Percival et al., 2011 dnpA controls fluoroquinolone tolerance in P. aeruginosa described colony biofilm susceptibility assay (Maisonneuve et al., 2013) . Static biofilms were grown on a cellulose membrane during 24 h after which they were exposed to ofloxacin for 24 h. As shown in Fig. 2d , the dnpA mutant exhibits a 10-fold reduction in persister fraction (P < 0.1). Biofilm formation of the mutant strain was not different from the wild type as determined by viable cell counts of untreated biofilms (data not shown). These results show that dnpA plays a role in persistence both in free-living conditions and in a biofilm mode of growth.
The antibiotic resistance profile of the dnpA mutant is unchanged
The two gene loci adjacent to dnpA were previously implicated in antibiotic resistance. The PA14 derivatives mutated in PA14_66120 and PA14_6150, respectively downstream and upstream of dnpA, were identified in several independent large-scale, systematic screenings for resistance genes. Both genes are involved in susceptibility to the penicillin antibiotic piperacillin, the cephalosporines ceftazidime and cefotaxime, and the carbapenem meropenem Dotsch et al., 2009; Alvarez-Ortega et al., 2010) . In addition, it was shown that PA14_66120 is also involved in susceptibility to the aminoglycoside tobramycin . However, neither mutant was implicated in resistance to fluoroquinolone antibiotics Dotsch et al., 2009) . We therefore decided to test the sensitivity of the dnpA mutant to antibiotics belonging to different classes: piperacillin (penicillins), cefotaxime and ceftazidime (cephalosporins), ciprofloxacin and ofloxacin (fluoruoquinolones), tobramycin and amikacin (aminoglycosides) and polymyxin B. The MIC values for PA14 wild type and dnpA mutant are listed in Table 3 . The mutant displays unaltered susceptibility towards all antibiotics listed. Modest changes in MIC value (twofold) were observed for the b-lactams piperacillin and cefotaxime, but such changes are generally considered within the acceptable range of error.
Genomic conservation of DnpA dnpA is part of the LPS biosynthesis cluster that comprises P. aeruginosa PA14 genes PA14_66250 to PA14_66060. ) strains were subjected to a 24 h treatment. Subsequently, the cells were diluted and plated out after which the number of surviving cells was determined. Data points correspond to the mean relative persister fraction. Each experiment was repeated independently at least three times. Error bars represent the standard error of the mean (SEM). A persister fraction of 100% corresponds to 1.04 9 10 10 À2 , 3.43 9 10 À5 and 3.22 9 10 À3 for panel A, panels B and C and panel D, respectively. *P < 0.01, **P < 0.05 and ***P < 0.1. Conservation analysis revealed that the cluster is present in each of the 45 sequenced Pseudomonas genomes (totalling 13 species) (Winsor et al., 2011) , as well as in Azotobacter vinelandii, a close relative of Pseudomonas (Rediers et al., 2004) (Fig. 3) . Surprisingly, an dnpA orthologue was also identified in the genome sequence of the unclassified b-proteobacterium 'Candidatus Accumulibacter phosphatis'. The first seven genes of this cluster (PA14_66250-PA14_66190) are well conserved in all sequenced Pseudomonas species with regard to their presence and location within the cluster and are involved in the inner core biosynthesis of the LPS oligosaccharide (King et al., 2009) . Even though most of the other cluster genes are present throughout all of the sequenced Pseudomonas species (except for wapH, wapR, PA14_66120, waaL and PA14_66060), our analysis revealed that they exhibit a low level of synteny. PA14_66150-dnpA is conserved as one unit in all the analysed genomes; however, its genomic location relative to the cluster is not conserved. This is most pronounced in Pseudomonas putida where they are clustered in a different genomic location. This might implicate that these genes are not necessarily involved in the LPS core oligosaccharide synthesis. PA14_66150 is related to the Salmonella enterica sv. typhimurium regulatory mig-14 gene (Pfam PF07395). Recently, it was shown that this locus is involved in lipid A modification upon recognition of cationic antimicrobial peptides in P. aeruginosa PAO1 (Jochumsen et al., 2011) . The glycosyltransferase WapR is the least conserved locus in the cluster.
DnpA does not cause major LPS modifications
To assess whether DnpA is involved in LPS biosynthesis or modification, LPS profiles of wild-type, dnpA mutant and dnpA overexpressing strains were compared (Supporting information, Fig. S1a ). No obvious differences could be detected between these strains and their respective wildtype parent. This result indicates that DnpA, if involved in LPS synthesis, likely induces minor changes. These minor changes do not disrupt LPS core stability and therefore do not result in altered LPS profiles. In addition, we compared outer-and inner-membrane protein profiles of wild type and dnpA mutant but no significant differences could be detected (Fig. S1b) . Ashraf et al., 2013) . The proteins typically display low overall sequence identity (~25%) but share a catalytic site containing a number of conserved residues that are essential for enzymatic activity. Multiple sequence alignment of DnpA with all PF02585 members with reported activity suggests that crucial amino acid residues of the DnpA-active site are intact (Fig. 4) . We therefore predict that DnpA is also a de-N-acetylase, probably acting on N-acetylglucosamine residues, although the exact nature of its substrate remains to be determined. Overexpression of dnpA in a wild-type background increases the persister fraction significantly. To test whether this putative de-N-acetylase activity is important for persistence, two specific point mutations were independently introduced into the putative catalytic site of DnpA. Expression of the mutant alleles was verified by western blotting (Fig.  S2) . Next, the effect of overexpression of the mutant alleles on persistence was examined. The first mutation converts Asp-340 into Asn (D340N). This specific mutation has been reported to inactivate the in vitro de-N-acetylase activity of the Bacillus cereus PIG-L protein BC1534 on many but not all substrates (Deli et al., 2010) . Secondly, a D190N mutation was introduced, changing the predicted catalytic base Asp-190 into Asn. The corresponding mutation in mammalian PIG-L completely abolishes de-N-acetylase activity (Urbaniak et al., 2005) . The persister fraction in a wild-type background increased significantly upon overexpression of DnpA-D190N (P < 0.05), whereas overexpression of the DnpA-D340N allele had no effect (Fig. 5) .
DnpA is a putative de-N-acetylase
Transcriptome analysis
To shed more light on the cellular function of DnpA and its role in fluoroquinolone tolerance in P. aeruginosa, a transcriptome analysis was carried out. Sampling was carried out at late exponential phase, when the persister fraction started to increase (Fig. S3) . RNA from PA14 wild-type, the dnpA mutant and PA14 wild-type overexpressing dnpA was isolated in triplicate and analysed on GeneChip â P. aeruginosa Genome Arrays (Affymetrix). Differentially expressed genes were identified as described in Material and methods.
In total, 601 and 393 genes were differentially expressed in mutant and overexpression strain, respectively (Table  S1 ). In the mutant, 54.1% (327/601) of the genes were downregulated, whereas in the overexpression strain, this percentage increased up to 63.9% (251/393) (Fig. 6) . The differentially expressed genes were classified into functional categories according to the PseudoCAP categories for both dnpA mutant and overexpression strain. Enriched functional categories were obtained according to Fisher's exact test Fig. 4 Partial sequence alignment of the active site of DnpA and related N-deacetylases. All proteins except for DnpA were previously demonstrated to exhibit enzymatic activity (see indicated references below). Fully conserved residues are shown in white text on a black background. Metal-binding residues are indicated by diamonds, the catalytic base by a star and the substrate binding residue by a circle. The alignment was constructed using cobalt (Papadopoulos & Agarwala, 2007) . Full species names and GenBank protein Accession Numbers: Homo sapiens, BAA74775 (Watanabe et al., 1999) ; Rattus norvegicus, BAA74776 (Watanabe et al., 1999; Urbaniak et al., 2005) ; Trypanosoma brucei, AAN60997 (Chang et al., 2002) ; Leishmania major, AAN60998 (Chang et al., 2002) ; Plasmodium falciparum, CAG25059.2 ; Entamoeba histolytica, XP_654497.1 (Vats et al., 2005; Ashraf et al., 2013) ; Thermococcus kodakaraensis, Q6F4N1 (Tanaka et al., 2004) ; Nonomuraea sp. ATCC39727, CAD91216 (Ho et al., 2006) ; Actinoplanes teichomyceticus, CAG15014 (Ho et al., 2006) ; Streptomyces fradiae, BAD95829 (Yokoyama et al., 2008) ; Streptomyces kanamyceticus, CAF31592 (Wehmeier & Piepersberg, 2009 ); Mycobacterium tuberculosis, NP_215686 (Newton et al., 2000) and NP_215598 (Steffek et al., 2003) ; Bacillus anthracis, AAP25493 (Gaballa et al., 2010) ; Bacillus circulans, BAE07068 (Truman et al., 2007) ; Bacillus cereus, NP_831313 (Deli et al., 2010) ; Pseudomonas aeruginosa, NP_253689.
(P < 0.05). This resulted in five enriched functional categories for both dnpA mutant and overexpression strain (Fig. 7) , of which categories 'amino acid biosynthesis and metabolism' and 'energy metabolism' were shared among both conditions. For all categories, the majority of the genes were downregulated.
Functional network analysis of differentially expressed genes
To identify processes that are consistently affected in both dnpA mutant and overexpression strain, a functional interaction network was constructed. This network was constructed based on interactions in which both genes were differentially expressed in dnpA mutant and/or dnpA overexpression strain. This deregulated network contains 429 genes and 1030 interactions and resulted in a large network component of 253 genes and 850 interactions and 58 smaller components with 2-16 genes. Based on this network, we selected five subnetworks that were consistently up/down or down/up in both conditions (Fisher's exact test P < 0.05). These subnetworks were annotated with the PseudoCAP functional classes and are shown in Fig 8. Genes belonging to each subnetwork are shown in Table 4 .
Subnetwork 1 contains genes with a role in amino acid biosynthesis and metabolism. Genes of this category that are differentially expressed in the dnpA overexpressing strain are downregulated. Likewise, genes of subnetwork 4 belonging to the amino acid biosynthesis and metabolism functional category are downregulated in the dnpA overexpressing strain. In addition, genes with a role in energy metabolism (subnetwork 5) are downregulated upon overexpression of dnpA. Taken together, these results suggest that overexpression of dnpA may lead to a lower metabolic activity.
Subnetwork 2 consists of genes all classified into the 'Cell wall/LPS/Capsule' functional category. Overall, these genes are downregulated in the dnpA mutant. However, as mentioned earlier, no difference could be detected between LPS profiles of wild type and mutant. Genes belonging to the third subnetwork are all involved in motility and attachment. More specifically, genes involved in synthesis of type IV pili are downregulated in the mutant while a regulator of twitching motility fimS/algZ (Whitchurch et al., 1996) is upregulated in the overexpressing strain.
Discussion
We report the characterization of a new P. aeruginosa persistence gene named dnpA (PA14 locus PA14_66140/ PAO1 locus PA5002). An dnpA insertion mutant shows a reduced persister fraction both in broth and in a colony biofilm model while overexpression of the dnpA allele in the wild-type background increases the persister fraction. Furthermore, the corresponding PAO1 mutant displays a similar decrease in persister fraction (De Groote et al., 2009) , lending support for a nonstrain-specific role of dnpA in fluoroquinolone tolerance.
dnpA is part of a gene cluster responsible for synthesis of the LPS core that contains 17 ORFs (P. aeruginosa PA14 PA14_66250 -PA14_66060). Excepted dnpA, PA14_66150 and PA14_66190, these genes have a predicted or verified role in the assembly and regulation of the biosynthesis of LPS core molecules in P. aeruginosa (King et al., 2009; Lam et al., 2011) . LPS is an important surface-associated molecule involved in a variety of bacterial processes of great clinical importance, such as virulence, immune response modulation, motility and biofilm formation (King et al., 2009) . P. aeruginosa has extensively been used as a model system to study this complex molecule, and many of the biosynthesis and regulatory genes have been characterized. In addition, most of the transferase genes that are involved in the assembly of the core oligosaccharide are located in this gene cluster. The cluster is generally well conserved among P. aeruginosa strains, as is the structure of the LPS core oligosaccharide . Surprisingly, no difference could be detected when comparing LPS profiles of dnpA mutant, dnpA overexpression strain and wild type. Interestingly, the deduced gene product of E. coli CFT073 c2486 is also a member of the PIG-L superfamily.
c2486 is part of a gene cluster (c2485-c2490) that is required for hypercolonization in mice. It was postulated to encode an LPS modification system, but, as was the case in our study, no changes in LPS structure were observed for a mutant lacking c2485-c2490 (Haugen et al., 2007) . It is possible that DnpA is responsible for minor modifications of the LPS core, which do not affect the LPS profile. For instance, it has been described that a change in acetylation state does not affect LPS synthesis when evaluated by a LPS profile (Slauch et al., 1995) . On the other hand, dnpA could be involved in a process other than LPS core biosynthesis. PA66150-dnpA is conserved as one unit in all of the genomes analysed, but its genomic location relative to the cluster is not conserved. This is most obvious in P. putida W619 where parts of the P. aeruginosa cluster can be found in three discrete genomic locations separated by several hundreds of unrelated genes (Fig 3) . This 'uncoupling' of PA14_66150-dnpA from the validated core LPS genes lends indirect support for a role in a process other than LPS core biosynthesis. In fact, the PA14_66150 orthologue in Pseudomonas fluorescens was attributed a role in the regulation of exopolysaccharide synthesis (Nian et al., 2007) . More recently, it was reported that PA14_66150 is involved in sensing cationic antimicrobial peptides, which leads to the induction of the lipopolysaccharide modification operon arnBCADTEF-PA3559 (Jochumsen et al., 2011) . This gene cluster is responsible for adding 4-amino-4-deoxy-L-arabinose to the phosphate group of lipid A, thereby increasing tolerance to cationic antimicrobial peptides (Moskowitz et al., 2004) . It is possible that dnpA, together with PA14_66150, is involved in monitoring LPS biosynthesis/assembly or outer-membrane physiology (Jochumsen et al., 2011) . Future research may reveal whether dnpA serves the same function in all Pseudomonas spp.
Primary sequence analysis revealed that DnpA belongs to the PIG-L or LmbE-like superfamily (Pfam PF02585). Based on a comparison between all biochemically characterized members of this family, we predict that DnpA acts as a de-N-acetylase on the N-acetylglucosamine part of an unknown substrate. All eukaryotic members studied so far play a role in the synthesis of glycosylphosphatidylinositol (GPI), a glycolipid that anchors proteins at the cell surface (Nakamura et al., 1997; Sharma et al., 1997; Smith et al., 1997; Watanabe et al., 1999) . In bacteria, characterized PIG-L members are involved in different unrelated pathways such as chitine degradation (Tanaka et al., 2004; Hou et al., 2013) , biosynthesis of low-molecular-weight thiols (Newton et al., 2000; Gaballa et al., 2010) and synthesis of antibiotics (Ho et al., 2006; Truman et al., 2006 Truman et al., , 2007 Fan et al., 2008) . Based on mutational and crystal structure analysis of PIG-L members, a few models for the catalytic activity were proposed (Urbaniak et al., 2005; Fadouloglou et al., 2007; Zou et al., 2008) . They are all consistent with the mechanism of other zinc-dependent deacetylases (Hernick & Fierke, 2005) . Briefly, zinc is pentacoordinated by two histidines (DnpA His-188 and His-341 in Fig. 4 ), 1 aspartic acid (DnpA Asp-191 in Fig 4) and two water molecules. Upon substrate binding, one water molecule is displaced.
The second water molecule is activated by the catalytic base (DnpA Asp-190 in Fig. 4) , and a nucleophilic attack takes place after which a tetrahydral oxyanion intermediate is formed. Subsequent protonation of the leaving amino group completes the catalytic cycle, releasing the deacetylated substrate from the catalytic site. It has been suggested that the residue corresponding to His-338 interacts with the substrate and stabilizes the negative charge in the oxyanion intermediate. The Asp-340 residue is thought to be involved in this process by stabilizing the positive charge on the His-338 residue (Zou et al., 2008) . Overexpression of dnpA in wild-type background increases the persister fraction significantly. We investigated whether two mutant dnpA alleles are still capable of increasing the persister fraction upon overexpression. The corresponding mutations have been described to cause a significantly decreased enzymatic activity in vitro in other species (Urbaniak et al., 2005; Deli et al., 2010) . Overexpression of the dnpA-D340N allele no longer increased the persister fraction in a wild-type background. This result indicates that the predicted de-N-acetylase activity is important in fluoroquinolone tolerance. Surprisingly, the D190N allele did not alter the persister fraction upon dnpA overexpression. This is not expected as D190 is postulated to function as the catalytic base. Mutation of this residue is supposed to completely abolish de-N-acetylase activity of the protein (Urbaniak et al., 2005) . However, it has been reported that mutation of this general catalytic base does not change the enzymatic activity of the Entamoeba histolytica PIG-L protein in vitro (Ashraf et al., 2013) . This points to the possibility that the catalytic mechanism is not conserved among PIG-L members. To fully answer the question whether the predicted de-N-acetylase activity of DnpA is important in fluoroquinolone tolerance, data on in vitro biochemical activity are needed.
A transcriptome analysis was carried out to gain more insight into the overall cellular function of DnpA and its role in fluoroquinolone tolerance. Differentially expressed genes were classified into functional categories. Enriched categories were identified and two of them, 'amino acid biosynthesis and metabolism' and 'energy metabolism', were shared between mutant and overexpression strain. Most of the genes belonging to the enriched classes were downregulated. To identify groups of genes that are consistently up-/down (or down/up)-regulated in the dnpA mutant and in the strain overexpressing dnpA respectively, a deregulated functional interaction network was constructed. The selected gene groups suggest processes that are consistently affected by both perturbations.
In general, genes involved in 'amino acid biosynthesis and metabolism' and 'energy metabolism' are downregulated in the dnpA overexpression strain suggesting a lower metabolic activity. This is consistent with earlier microarray analyses in which nonessential genes and genes involved in metabolism were downregulated in persisters (Keren et al., 2004b; Shah et al., 2006) .
In the dnpA mutant, genes belonging to 'Cell wall/LPS/ Capsule' and 'motility and attachment' are downregulated. As is the case for dnpA, genes belonging to the first category are all situated in the LPS core oligosaccharide cluster. As mentioned earlier, no difference in LPS profile could, however, be detected. The second category contains genes involved in pilin biosynthesis. Previously, pilH and algR were identified as genes with a role in P. aeruginosa persistence. Insertion mutants of both genes displayed a higher persister fraction (De Groote et al., 2009) . PilH is a response regulator involved in regulation of pilus retraction (Bertrand et al., 2010) , while AlgR is part of a two-component transmitter-receiver regulatory system involved in regulation of alginate synthesis and twitching motility (Whitchurch et al., 1996) . Type IV pili are thin, flexible filaments with a broad range of functions including a role in motility, adherence and aggregation, protein secretion and biofilm formation and remodelling (Giltner et al., 2012) . Exactly how biosynthesis of type IV pili is related to fluoroquinolone tolerance remains an open question.
In summary, we have shown that dnpA is a bona fide persistence gene. Contrary to expectations, no obvious role in LPS biosynthesis could be demonstrated. DnpA is a putative de-N-acetylase, and this enzymatic activity is likely essential for its role in persistence. Other members of the PIG-L superfamily have previously been shown to be amenable to specific inhibition by small molecule compounds (de Macedo et al., 2003; Metaferia et al., 2007; Gammon et al., 2010) . Together, our results offer the prospect of targeting DnpA in future antipersister therapies to more efficiently combat recalcitrant P. aeruginosa infections.
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